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ABSTRACT In ether-a`-go-go K1 channels, voltage-dependent activation is modulated by ion binding to a site located in an
extracellular-facing crevice between transmembrane segments S2 and S3 in the voltage sensor. We ﬁnd that acidic residues
D278 in S2 and D327 in S3 are able to coordinate a variety of divalent cations, including Mg21, Mn21, and Ni21, which have
qualitatively similar functional effects, but different half-maximal effective concentrations. Our data indicate that ions binding to
individual voltage sensors in the tetrameric channel act without cooperativity to modulate activation gating. We have taken
advantage of the unique phenotype of Ni21 in the D274A channel, which contains a mutation of a nonbinding site residue, to
demonstrate that ions can access the binding site from the extracellular solution when the voltage sensor is in the resting
conformation. Our results are difﬁcult to reconcile with the x-ray structure of the KvAP K1 channel, in which the binding site
residues are widely separated, and with the hydrophobic paddle model for voltage-dependent activation, in which the voltage
sensor domain, including the S3–S4 loop, is near the cytoplasmic side of the membrane in the closed channel.
INTRODUCTION
In ether-a`-go-go (eag) K1 channels, voltage-dependent acti-
vation is modulated by extracellular Mg21, which binds to a
site in the voltage sensor (Silverman et al., 2000). The main
effect of Mg21 is to slow activation kinetics (Terlau et al.,
1996; Tang et al., 2000; Scho¨nherr et al., 1999, 2002;
Silverman et al., 2000). Measurements of ionic and gating
currents indicate that ion binding directly affects movement
of the voltage sensor, including forward and backward tran-
sitions in the activation pathway (Tang et al., 2000). We have
previously shown that two acidic residues, D278 and D327,
located in transmembrane segments S2 and S3, respectively,
contribute to the Mg21 binding site (Fig. 1 A) (Silverman
et al., 2000). Neutralization mutations of these residues dra-
matically reduce or abolish the effect of Mg21 on activation
kinetics, and mimic the slowing of activation seen in Mg21-
bound wild-type channels. The results suggest that Mg21
slows activation in part by shielding the charged side chains
of D278 and D327. We have also obtained evidence that the
analogous residues in HERG channels contribute to an ion-
binding site (M. A. Lin and D. M. Papazian, unpublished
data). Thus, an ion-binding site appears to be a common
structural feature in the voltage sensor of members of the
eag family of voltage-gated K1 channels. This binding site
is likely to be located in a crevice of the protein that also
contains a highly conserved acidic residue in S2, which cor-
responds to D274 in eag (Silverman et al., 2000).
A variety of divalent cations slow activation gating in eag
channels (Terlau et al., 1996). We have presented evidence
that Ni21 binds in the same pocket as Mg21 (Silverman et al.,
2003). Interestingly, however, the action of Ni21 differs
from that of Mg21 in at least two ways. First, neutralization
of D327 to alanine, which eliminates Mg21 sensitivity, does
not eliminate Ni21 sensitivity. Second, although channels
containing a mutation of a nonbinding site residue, D274 in
S2, to alanine, are sensitive to both Mg21 and Ni21, Ni21 has
a unique functional effect in the D274A mutant. Rather than
slowing channel opening, Ni21 decreases the current am-
plitude with no detectable change in activation kinetics
(Silverman et al., 2003). Thus, Ni21 blocks voltage-
dependent activation in this mutant. We have presented
evidence that this novel effect of Ni21 in D274A derives
from preventing the movement of a particular S4 charged
residue, R353, into the binding site crevice where it would
normally interact electrostatically with D274 in an inter-
mediate closed conformation along the activation pathway
(Silverman et al., 2003).
To further characterize the ion-binding site in the eag
voltage sensor, we have compared the properties of three ions,
Mn21, Mg21, and Ni21. All three have qualitatively similar
effects on activation kinetics. Ions binding to individual
voltage sensors in the channel act without cooperativity to
slow activation. Analysis of mutant channels indicates that
Mn21, Mg21, and Ni21 interact with D278 in S2 and D327 in
S3, conﬁrming that these residues are in proximity and form
the ion-binding site in the voltage sensor. Taking advantage
of the novel effect of Ni21 on D274A channels, we have also
demonstrated that extracellular cations can access the binding
site in closed channels. Our results are incompatible with the
x-ray structure of the KvAP channel, in which the binding site
residues are widely separated, but are somewhat more
Submitted April 16, 2004, and accepted for publication August 11, 2004.
Address reprint requests to Diane M. Papazian, PhD, Dept. of Physiology,
Box 951751, David Geffen School of Medicine at UCLA, Los Angeles, CA
90095-1751. Tel.: 310-206-7043; Fax: 310-206-5661; E-mail: papazian@
mednet.ucla.edu.
William R. Silverman’s present address is the Dept. of Molecular
Biophysics and Biochemistry, Yale University, New Haven, CT 06520.
 2004 by the Biophysical Society
0006-3495/04/11/3110/12 $2.00 doi: 10.1529/biophysj.104.044602
3110 Biophysical Journal Volume 87 November 2004 3110–3121
compatible with the x-ray structure of its isolated voltage
sensor (Jiang et al., 2003a). Furthermore, the ﬁnding that ions
can access the site in closed channels is difﬁcult to reconcile
with the proposal by MacKinnon and co-workers that the
S3–S4 loop is near the cytoplasmic surface of the mem-
brane when the channel is closed (Jiang et al., 2003b).
MATERIALS AND METHODS
Molecular biology
Mutations were generated by polymerase-chain-reaction-based mutagenesis
using either three or four primer strategies (Landt et al., 1990; Sarkar and
Sommer, 1990). Polymerase-chain-reaction products were digested with the
restriction enzymes EcoRV and SacII and ligated into a similarly digested
pGEMHE subclone of wild-type eag as previously described (Tang and
Papazian, 1997). The sequences of transferred regions were conﬁrmed by
dideoxy sequencing or Big Dye terminator sequencing (University of Cali-
fornia at Los Angeles Sequencing Core Facility).
Constructs were linearized with NotI before in vitro transcription, using
either the mMessage mMachine or MegaScript kits according to the manu-
facturer’s protocols (Ambion, Austin, TX). RNA encoding wild-type or
mutant eag was injected into stage V and VI Xenopus oocytes 24–48 h
before electrophysiological analysis (Timpe et al., 1988; Tang and Papazian,
1997). The amount of RNA injected was titrated to give between 2 and
20 mA of current at a test potential of 160 mV.
Electrophysiology and data analysis
Currents from wild-type or mutant channels were recorded using a two-
electrode voltage-clamp at room temperature (21–23C) as described
previously (Timpe et al., 1988; Papazian et al., 1991). The extracellular
solution contained 118 mM NaCl, 1.8 mM CaCl2, and 10 mM HEPES,
pH 7.2, except for the experiments shown in Figs. 8–11, where the bath
contained 89 mM KCl, 29 mM NaCl, 1.8 mM CaCl2, and 10 mM HEPES,
pH 7.2. Various concentrations of MgCl2, MnCl2, or NiCl2 were added to
the bath solution as indicated. All experiments were performed in the
presence of 1.8 mM CaCl2 to reduce possible surface charge effects due to
added Mg21, Mn21, or Ni21. Electrodes were ﬁlled with 3 M KCl and had
resistances of 0.3–0.8 MV.
Voltage pulses were delivered and data were acquired using either
pClamp v5.5.1 and a TL-1 Labmaster interface, or pClamp v8.1 and a
Digidata 1322 interface (Axon Instruments, Union City, CA) connected to a
model OC-725 or OC-725C oocyte clamp, respectively (Warner Instru-
ments, Hamden, CT). Data were ﬁltered at 0.2–2 kHz using an eight-pole
Bessel ﬁlter (Frequency Devices, Haverhill, MA), and digitized at a fre-
quency ﬁve times greater than the ﬁlter frequency. The sampling rate was
varied as needed to resolve activation kinetics. Linear leak and capacitive
currents were subtracted using a P/4 protocol (Bezanilla and Armstrong,
1977). Data were analyzed and ﬁgures were prepared using Origin 5.0 or
Origin 5.5 (Microcal, Northampton, MA).
Currents were evoked by pulsing from the holding potential of 80 mV
to voltages ranging from 60 mV to 180 mV. Activation kinetics were
quantiﬁed by measuring the time to half-maximal current amplitude (t½),
which reﬂects both the delay and the time course of the characteristically
sigmoidal activation kinetics of eag (Silverman et al., 2000; Tang et al.,
2000).
To estimate the half-maximal effective concentration of each ion, the
change in t½ was measured at different ion concentrations and expressed as
fold change in t½. The dose-response data were well ﬁtted by a hyperbolic
function of the form
y ¼ 11 Ax
B1 x
;
FIGURE 1 Extracellular Mn21 slows activation of wild-type eag
channels. (A) Cartoon of the membrane topology of the eag protein, in-
cluding six transmembrane segments, S1–S6, and a re-entrant P-loop that
forms the selectivity ﬁlter. The approximate positions of eag-speciﬁc acidic
residues D278 in S2 and D327 in S3 are shown. These residues interact with
a bound Mg21 ion (solid circle) (Silverman et al., 2000). The approximate
positions of D274 and D284 in S2 and D319 in S3 are also shown. These
acidic residues are conserved throughout the superfamily of voltage-gated
K1 channels (Chandy and Gutman, 1995). Symbols (1) denote conserved
positively charged residues in S4. (B) From a holding potential of 80 mV,
test pulses to 160 mV were applied in the absence (solid trace) or presence
(dashed trace) of 10 mMMn21. (C) Values of t½ at160 mV were measured
in various concentrations of Mn21 (n), or Mg21 (s), expressed as fold
change in t½, and plotted as a function of concentration. Data are shown as
mean6 SE, n ¼ 4. The Mn21 data were ﬁtted with a rectangular hyperbola
(solid curve) to estimate the maximal fold-change in t½ and the half-maximal
effective concentration (see Table 1). The ﬁtted curve has been extended
beyond the data points to illustrate the predicted maximal effect of Mn21.
Mg21 data are taken from Silverman et al. (2000).
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where y is the fold change in t½ and x is the ion concentration. The typical
equation for a hyperbola has been offset by 1 because the minimum value
of y (at x ¼ 0) is 1 rather than 0. The maximal fold change in t½ is given by
A 1 1, and the half-maximal effective concentration is given by B.
Assuming that the observed change in t½ is proportional to ion occupancy
of the available binding sites, the ﬁnding that a rectangular hyperbola
provides an excellent ﬁt to the data indicates that ion binding to individual
voltage sensors in the tetrameric channel is noncooperative. A hyperbolic
function describes oxygen binding to its single site in myoglobin, but also
ﬁts binding data in multisite proteins where the sites are independent
(Mathews et al., 1999).
The probability of opening (Po) as a function of voltage for wild-type and
D274A channels was determined from isochronal tail current amplitudes.
From a holding potential of80 mV, the membrane was stepped to voltages
ranging from 80 to 160 mV in 10-mV increments, and then returned to
80 mV to generate tail currents. Isochronal tail current amplitudes were
normalized to the maximum amplitude obtained from that oocyte and plotted
versus test potential. The data were ﬁtted using a single, ﬁrst-power
Boltzmann equation to obtain estimates of the midpoint voltage and slope
factor.
RESULTS
Mn21 acts without cooperativity to slow
eag activation
Eag channels were expressed in Xenopus oocytes, and ionic
currents were recorded using a two-electrode voltage-clamp.
Upon application of extracellular Mn21, activation of wild-
type eag was slowed signiﬁcantly with no decrease in steady-
state current amplitude (Fig. 1 B). Activation kinetics were
characterized by measuring the time to half-maximal current
amplitude (t½), which reﬂects both the delay and time course
of activation of the ionic current (Silverman et al., 2000;
Tang et al., 2000). Values of t½ were normalized to the value
obtained in the absence of Mn21, and plotted as fold change
in t½ versus Mn
21 concentration (Fig. 1 C). The data were
ﬁtted with a rectangular hyperbola to obtain estimates for the
maximal effect and the half-maximal effective concentration
for Mn21. The maximal effect was predicted to be a 6.6-fold
increase in t½; the half-maximal concentration was estimated
to be 6.2 mM (Fig. 1 C, Table 1). Both the magnitude of the
effect and the half-maximal concentration were similar to
that of Mg21 (Fig. 1 C, Table 1).
Although we have not measured binding directly, it is
reasonable to assume that the functional efﬁcacy of Mn21 or
Mg21, as measured by fold change in t½, is directly pro-
portional to the occupancy of available binding sites. If so,
then the fact that the dose response data are well ﬁtted by
a hyperbolic function suggests that ion binding to individual
voltage sensors in the tetrameric channel lacks cooperativity
(Mathews et al., 1999). To test this idea, a Hill plot was
generated from the Mn21 dose response data. We deﬁned a
parameter u as the fractional occupancy of binding sites, and
set u¼ 1 at saturating Mn21 concentrations. Our data predict
that the maximal effect obtained at saturating levels of Mn21
is a 6.6-fold increase in t½ (Fig. 1 C, Table 1). To estimate u
for subsaturating Mn21 concentrations, we divided the fold
change in t½ obtained at each concentration by 6.6, and then
plotted log (u/1–u) versus log [Mn21] (Fig. 2). For non-
cooperative binding, the expected result is a straight line with
a slope of 1.0 (Mathews et al., 1999). Our data were well-
ﬁtted by a straight line (correlation coefﬁcient 0.99) with a
slope of 0.6. It is likely that the slope is,1.0 because Mn21
was not the only divalent ion in the bath solution. Our
electrophysiological experiments were conducted in the
presence of 1.8 mM Ca21 to stabilize the membrane and
reduce nonspeciﬁc surface charge effects due to added diva-
lent ions. Ca21 is likely to bind to the eag voltage sensor site
to some extent, and would therefore act as a competitive
inhibitor of Mn21 binding. The presence of a competitive
inhibitor decreases the slope of the Hill plot (Mathews et al.,
TABLE 1 Summary of effects of Mg21, Mn21, and Ni21 on
wild-type and mutant eag channels
Half-maximal
concentration (mM)
Peak fold
change in t½
Mg21 Mn21 Ni21 Mg21 Mn21 Ni21
Wild-type 3.5 6.2 0.12 6.7 6.6 123
D274A 5.4 6.3 0.0022*, 0.0015** 9.3 9.1 NAy
D274E 1.2 2.6 NDz 22.8 18.5 ND
D278V —§ — — — — —
D278E — 17.7 — — 5.3 —
D327A — — 0.37 — — 93
*Determined from current decline.
**Estimated KD from on/off rates.
yNot applicable.
zNot determined.
§Insensitive.
FIGURE 2 Mn21 acts without cooperativity. The Hill plot was generated
using the Mn21 dose response data shown in Fig. 1 C. We assumed that the
fold change in t½ was directly proportional to the fractional occupancy (u) of
the ion-binding site in the eag voltage sensor. We further assumed that at
saturating concentrations of Mn21, u ¼ 1. Values of u for 0.2 to 10 mM
Mn21 were calculated by dividing the corresponding fold change in t½ by
6.6, the estimated maximal effect of Mn21 (Fig. 1 C, Table 1). The graph
plots log(u/1–u) versus log[Mn21]. The data are well ﬁtted by a line
(correlation coefﬁcient 0.99) with a slope of 0.6.
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1999). We conclude that Mn21 acts independently in the
individual subunits to modulate activation gating, and that
there is no signiﬁcant cooperativity between the four binding
sites present in the channel. This conclusion is compatible
with earlier work of Scho¨nherr et al. (1999), who showed
that slow gating transitions (which are highly modulated by
divalent ions) occur independently in each of the four
subunits that compose the eag channel.
Mn21 slows eag activation by binding between
S2 and S3
To test the hypothesis that Mn21, an ion similar in size and
polarizability to Mg21, binds to the same site to modulate
activation kinetics, we characterized the effect of Mn21 on
eag channels containing mutations of D278 and D327, eag-
speciﬁc acidic residues in S2 and S3, respectively, that in-
teract with bound Mg21 ions (Fig. 1 A). Channels containing
the neutralization mutation D278V or the charge-conserving
mutation D278E were separately expressed in oocytes, and
activation kinetics were compared in the presence and ab-
sence of Mn21 (Fig. 3, A and B). The D278V channel was
virtually insensitive to extracellular Mn21 up to 10 mM,
whereas D278E retained some sensitivity to Mn21. In con-
trast, we previously showed that D278E mutant channels are
insensitive to Mg21 concentrations up to 20 mM (Silverman
et al., 2000). To characterize the residual effect of Mn21 in
D278E, the fold-change in t½ was plotted versus concentra-
tion and the data were ﬁtted with a rectangular hyperbola
(Fig. 3 C). Although the maximal effect of Mn21 on D278E
channels was similar to that of wild-type, the half-maximal
effective concentration was threefold greater (Table 1). This
is consistent with the idea that D278E reduces the apparent
afﬁnity of eag for Mn21, whereas D278V abolishes Mn21
sensitivity.
To test whether D327 in S3 is required for Mn21 sen-
sitivity, the D327A mutant was expressed in oocytes and
activation kinetics were compared in the presence or absence
of Mn21. Extracellular Mn21 up to 10 mM resulted in no
signiﬁcant change in the activation kinetics of D327A (Fig.
4, A and B). Similar results were previously obtained
with Mg21 (Silverman et al., 2000). In contrast, the D327A
mutation does not abolish sensitivity to Ni21 (see below).
D274 in S2 corresponds to an acidic residue that is widely
conserved in the superfamily of voltage-gated ion channels
(Warmke and Ganetzky, 1994; Chandy and Gutman, 1995).
Previously, we presented evidence that D274 is exposed in
the same extracellular-facing pocket that contains the ion-
binding site in eag, but does not interact with bound Mg21
(Silverman et al., 2000). However, lengthening the side
chain by one methylene group in the D274E mutant in-
creases the maximal effect and reduces the half-maximal
effective concentration for Mg21, suggesting that the longer
side chain is able to interact with the bound ion.
To investigate whether similar results are obtained for
Mn21, we expressed the neutralization mutant, D274A, and
the charge-conserving mutant, D274E, for functional anal-
ysis. Extracellular Mn21 dramatically slowed activation of
the D274A channel, conﬁrming that D274 is not required for
Mn21 binding (Fig. 5 A). The D274E channel was also
highly sensitive to Mn21, with a maximal effect larger than
FIGURE 3 Neutralization of D278 abolishes Mn21 sensitivity of
activation kinetics. (A and B) Representative traces of D278V (A) and
D278E (B) are shown. From a holding potential of 80 mV, test pulses to
160 mV were applied in the absence (solid traces) or presence (dashed
traces) of 10 mM Mn21. (C) Values of t½ at 160 mV were measured for
D278V (n), D278E (:), or wild-type eag (d) in various concentrations of
Mn21 up to 10 mM, expressed as fold change in t½ and plotted as a function
of concentration. Data are shown as mean 6 SE, n ¼ 3–4. The data for
D278E and wild-type were ﬁtted with rectangular hyperbolas (solid curves)
to estimate the maximal fold-change in t½ and the half-maximal effective
concentration (see Table 1).
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that seen in the wild-type channel or in D274A (Fig. 5, B and
C). The dose response curve revealed that the half-maximal
effective concentrations for wild-type eag and D274A chan-
nels were similar, whereas the D274E mutation reduced the
half-maximal concentration for Mn21 (Fig. 5 C, Table 1).
These results are similar to those previously obtained for
Mg21 (Silverman et al., 2000). In contrast, Ni21 blocks open-
ing of D274A channels with no change in activation kinetics,
which is a novel phenotype (Silverman et al., 2003).
Ni21 interacts with both D278 and D327
Extracellular Ni21 dramatically slows eag activation (Terlau
et al., 1996; Silverman et al., 2003). We previously reported
that Ni21 sensitivity is abolished by the D278V mutation
(Silverman et al., 2003). As shown in Fig. 6, Ni21 modu-
lation is also eliminated by the charge-conserving D278E
mutation. Ni21 concentrations up to 5 mM had no signiﬁcant
effect on activation kinetics in the D278E channel (see Fig. 7
D). In contrast, 5 mMNi21 signiﬁcantly slowed activation of
the wild-type channel (see Fig. 7 B) (Silverman et al., 2003).
These results are consistent with the conclusion that Ni21
binding requires an aspartate residue at position 278 in S2.
In contrast to D278V and D278E, D327A retains signiﬁ-
cant sensitivity to Ni21 (Silverman et al., 2003). To deter-
mine whether D327 in S3 contributes to Ni21 binding, we
investigated whether the D327A mutation reduces the ap-
parent afﬁnity of eag for Ni21. Fig. 7 A shows a series of
FIGURE 4 Neutralization of D327 abolishes Mn21 sensitivity of
activation kinetics. (A) Representative traces of D327A are shown. From
a holding potential of 80 mV, test pulses to 160 mV were applied in the
absence (solid trace) or presence (dashed trace) of 10 mMMn21. (B) Values
of t½ at 160 mV were measured for D327A (n) or wild-type eag (d) in
various concentrations of Mn21 up to 10 mM, expressed as fold change in t½
and plotted as a function of concentration. Data are shown as mean 6 SE,
n ¼ 3–4. The data for wild-type were ﬁtted with a rectangular hyperbola
(solid curve) to estimate the maximal fold-change in t½ and the half-
maximal effective concentration (see Table 1).
FIGURE 5 D274 in S2 is not required for Mn21 binding. (A and B)
Representative traces of D274A (A) and D274E (B) are shown. From a
holding potential of 80 mV, test pulses to 160 mV were applied in the
absence (solid traces) or presence (dashed traces) of 10 mM Mn21. (C)
Values of t½ at 160 mV for D274A (n), D274E (:), or wild-type eag (d)
were measured in various concentrations of Mn21 up to 10 mM, expressed
as fold change in t½ and plotted as a function of concentration. Data are
shown as mean 6 SE, n ¼ 3–4. The data were ﬁtted with rectangular
hyperbolas (solid curves) to estimate the maximal fold-change in t½ and the
half-maximal effective concentration (see Table 1).
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traces recorded from a single oocyte in various concen-
trations of Ni21. Concentrations up to 5 mM resulted in a
progressive slowing of activation. Because the D327A chan-
nel activates slowly even in the absence of divalent cations,
addition of Ni21 resulted in extremely slow opening kinetics.
At high Ni21 concentrations, current amplitude did not reach
a steady-state level during a 10-s pulse. For comparison, Fig.
7 B shows a similar series of traces for the wild-type channel.
Interestingly, 250 mM Ni21 gave a near-maximal slowing of
activation in the wild-type channel (Fig. 7 B), which was not
the case in D327A (Fig. 7 A). These results are consistent
with the idea that the D327A mutation reduces the afﬁnity of
the eag channel for Ni21.
The slow activation kinetics of D327A in the presence of
Ni21 made it infeasible to reach steady-state current ampli-
tude even in very long depolarizing pulses. Therefore, we
were unable to determine t½ directly as a function of Ni
21
concentration. However, in the wild-type channel, Ni21 did
not alter the steady-state current amplitude (Fig. 7 C). To es-
timate the dose response curve for Ni21 in D327A, we made
the reasonable assumption that Ni21 does not decrease the
steady-state current amplitude in D327A channels. For each
Ni21 concentration, we measured the time required to reach
half the maximal current amplitude obtained in the absence
of Ni21. Assuming that Ni21 does not signiﬁcantly alter the
steady-state current amplitude, this approach should reliably
estimate values of t½.
Values for t½, obtained as described, were plotted versus
Ni21 concentration and the data were ﬁtted with a rectangular
hyperbola to estimate the maximal effect and half-maximal
effective concentration (Fig. 7 D, Table 1). In wild-type eag,
the half-maximal concentration for Ni21 was estimated to
be 120 mM, whereas the maximal effect was an ;120-fold
increase in t½. In D327A, the maximal effect of Ni
21 was an
;90-fold increase in t½, similar to that observed for wild-
type eag channels. However, the half-maximal effective con-
centration was increased to 370 mM, corresponding to a
threefold change. This result is consistent with the con-
clusion that Ni21, like Mg21 and Mn21, interacts with both
D278 in S2 and D327 in S3.
Binding site is accessible to extracellular ions
when the channel is closed
A recently proposed model for voltage-dependent gating in
K1 channels suggests that the voltage sensor acts as a hy-
drophobic paddle that moves through the lipid environment
of the membrane during activation (Jiang et al., 2003b). In
this model, the voltage sensor, including the S3–S4 loop,
is located near the cytoplasmic side of the membrane at
FIGURE 6 D278 is required for sensitivity to Ni21. Representative traces
of D278E are shown. From a holding potential of80 mV, cells were pulsed
to a test potential of 160 mV in the absence (solid trace) or presence
(dashed trace) of 5 mM Ni21.
FIGURE 7 Ni21 interacts with D327. (A and B)
Representative current traces of D327A (A) and wild-
type (B) are shown. From a holding potential of 80
mV, currents from a single oocyte were recorded in
response to a pulse to a test potential of160 mV in the
presence of the indicated concentrations of Ni21 (mM).
(C) Wild-type eag currents were recorded in various
concentrations of Ni21 (mM) in response to 10-s test
pulses from a holding potential of 80 mV to 160
mV. Peak current amplitudes at each concentration
were measured and normalized to the maximal am-
plitude obtained for the same oocyte in the absence of
Ni21. The box plot illustrates the distribution of
amplitudes at each concentration (n ¼ 3). (D) Values
of t½ were measured for wild-type eag (d) and
estimated as described in the text for D327A (n) in
various concentrations of extracellular Ni21, expressed
as fold change in t½ and plotted versus Ni
21
concentration. Data are shown as mean 6 SE, n ¼
3–5. The data were ﬁtted with a rectangular hyperbola
(solid curves) to estimate the maximal fold-change in
t½ and the half-maximal effective concentration (see
Table 1). For comparison, the fold change in t½ for
D278E (:) has also been plotted versus Ni21
concentration (n ¼ 4).
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hyperpolarized potentials. If applied to eag, the model pre-
dicts that extracellular ions would be unable to access their
binding site, located between transmembrane segments S2
and S3 in proximity to the S3–S4 loop, when the voltage
sensor is in its resting position.
We took advantage of the novel effect of Ni21 on D274A
channels to test this prediction. As previously reported, appli-
cation of Ni21 to D274A reduces current amplitude with no
change in activation kinetics (Silverman et al., 2003). We
have presented data indicating that in D274A, Ni21 prevents
S4 conformational changes required for opening, trapping
the voltage sensor in its resting state (Silverman et al., 2003).
To determine whether Ni21 can access its binding site in
closed channels, we monitored the rate of decrease in current
amplitude as a function of holding potential and pulse
frequency during Ni21 perfusion. The membrane potential
was held at 80 mV continuously or was depolarized during
50-ms pulses from 80 to 160 mV at different pulse fre-
quencies. It is important to note that the probability that
D274A adopts an activated conformation at 80 mV is
extremely low. The D274A mutation shifts the probability of
opening in the depolarized direction compared to the wild-
type channel; the midpoint of the D274A activation curve is
;125 mV (Fig. 8 A). Perfusion with Ni21 resulted in
a monoexponential decline in current amplitude (Fig. 8 B).
The rate of onset of the Ni21 effect at 80 mV showed no
signiﬁcant dependence upon pulse frequency (Fig. 8 C).
Furthermore, when the membrane potential was held con-
tinuously at 80 mV or at 120 mV for 0.5, 1, 1.5, or 2 min
while applying Ni21, the decline in current amplitude was
similar to that seen at equivalent time points during con-
tinuous pulsing (Fig. 8 D). We conclude that Ni21 is able to
access its binding site from the extracellular solution when
the voltage sensor is in its resting conformation.
Since Ni21 blocks voltage-sensor conformational changes
in D274A channels, it should prevent opening less effec-
tively at membrane potentials where S4 transitions have
already occurred. To test this prediction, the membrane was
held at80,40, 0, or140 mV during perfusion with Ni21,
and the decline in current amplitude was monitored (Fig. 9
A). Importantly, eag channels do not inactivate during long
depolarizing pulses, so any decline in amplitude can be
attributed to Ni21 (Silverman et al., 2003). The Ni21 effect
was progressively decreased as the membrane was held at
more depolarized potentials (Fig. 9 B). The decline in current
amplitude when Ni21 was applied at 40 mV was sig-
niﬁcantly less than at 80 mV. The minimal decrease in
current amplitude was seen when Ni21 was applied at 0 mV,
with no further effect at 140 mV. For comparison, we
plotted the Po–V curve of the D274A mutant on the same set
of axes (Fig. 9 B). The inﬂuence of holding potential on Ni21
efﬁcacy was signiﬁcantly shifted to hyperpolarized poten-
tials relative to the Po–V curve. We have previously shown
that movement of the eag voltage sensor, as indicated by the
gating charge-voltage relationship (q–V curve), occurs at
more hyperpolarized potentials than activation of the ionic
FIGURE 8 Ni21 binds to the closed channel. (A)
The probability of opening (Po) as a function of voltage
for wild-type (d) and D274A (n) channels was
determined from normalized isochronal tail current
amplitudes. Each data set was ﬁtted with a single
Boltzmann function (solid curves), providing estimates
for the midpoint potential (V½) of 2 6 0.4 mV and
28 6 0.5 mV for wild-type and D274A, respectively.
Apparent slope factors (z) for wild-type and D274A
were 12 6 0.4 and 16 6 0.5, respectively. (Inset)
D274A tail currents are shown. Arrow denotes iso-
chronal point used to calculate Po. Scale bars represent
1 mA and 5 ms. (B) Effects of pulse frequency on the
on rate of the Ni21 effect in D274A. The membrane
potential was held at 80 mV and pulsed to 160 mV
for 50 ms at intervals of 2, 5, 10, or 30 s. Data shown
are for interpulse intervals of 2 (s) and 30 (h) s. For
clarity, only every sixth data point is shown for an
interpulse interval of 2 s. Arrowhead indicates time at
which 20 mM Ni21 was added. The time course of
decline of the current amplitude after addition of Ni21
was ﬁtted with a single exponential function (solid
curve, 2-s interval; dashed curve, 30-s interval) to
obtain values for ton. In this panel, ﬁts to the averaged
data are shown. (C) Box plot of the distribution of ton
values in D274A channels obtained in individual experiments for the indicated interpulse intervals are shown (n¼ 4). Onset kinetics do not differ signiﬁcantly
at the P ¼ 0.05 level. (D) The membrane potential was held at 80 (n) or 120 (=) mV for 0.5, 1, 1.5, or 2 min during application of 20 mMNi21 to D274A
channels. Subsequently, pulsing for 50 ms to160 mV at 5-s intervals was resumed. The peak current amplitude during the ﬁrst pulse in the presence of Ni21
was normalized to the mean baseline peak current amplitude obtained before addition of Ni21. Data are presented as mean6 SE, n¼ 3–4. For comparison, the
rate of decline during continuous pulsing from80 to160 mV at intervals of 2 (s) or 30 (h) s is also shown; for clarity, error bars are omitted and only every
sixth data point is shown for an interpulse interval of 2 s.
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conductance (Tang et al., 2000). Thus, the dependence of
Ni21 efﬁcacy on holding potential conﬁrms our previous
conclusion that Ni21 prevents voltage-sensor movement in
D274A channels (Silverman et al., 2003). Furthermore, the
data are consistent with the idea that Ni21 cannot effectively
prevent opening of D274A channels if the voltage sensor is
in an activated conformation. Thus, the effect of Ni21 at80
or 120 mV, as shown in Fig. 8, requires binding of the ion
to closed channels, reinforcing the conclusion that extracel-
lular ions can access their site when the voltage sensor is in
its resting state.
We also investigated whether Ni21 can dissociate from
closed D274A channels. Ni21 was applied as in Fig. 8 B: the
membrane was held at 80 mV and depolarized during
50-ms steps from 80 to 160 mV at different pulse
frequencies. After saturation of the decline in current
amplitude, Ni21 was removed from the perfusate and the
pulse protocol was continued. Upon washout of Ni21, the
D274A current amplitude slowly returned to its original
value (Fig. 10 A). The rate of recovery was little affected by
pulse frequency during washout (Fig. 10 B). This result
suggests that Ni21 can dissociate from its binding site when
the voltage sensor is in the resting conformation.
High apparent afﬁnity of D274A channels for Ni21
is consistent with kinetics of onset and recovery
The onset and recovery kinetics that we have measured are
consistent with the high apparent afﬁnity of D274A channels
for Ni21 as revealed by dose-response data. In Fig. 11 A, the
maximal decline in current amplitude in response to Ni21
application at a holding potential of80 mV has been plotted
as a function of Ni21 concentration. The data have been
ﬁtted with a rectangular hyperbola, revealing that the half-
maximal concentration for Ni21 is ;2.2 mM (Table 1). This
is lower than the half-maximal concentration for Ni21 in the
wild-type channel (see Fig. 7 D, Table 1), but these values
are not directly comparable, since they have been assessed in
different conformations corresponding to the open state for
the wild-type channel, and the closed state for D274A. We
used the kinetics of onset during perfusion with 20 mMNi21
and recovery during perfusion with Ni21-free solution to
estimate the dissociation constant (KD) for Ni
21 in D274A
FIGURE 9 Ni21must bind to closed D274A channels to prevent opening.
The membrane potential was held at 80 mV and pulsed for 50 ms to 160
mV at intervals of 5 s to establish a baseline of current amplitude in the
absence of Ni21. The membrane was then held without pulsing for 2 min at
80, 40, 0, or140 mV during application of 20 mMNi21. Subsequently,
pulsing from 80 to 160 mV for 50 ms at 5-s intervals was resumed. (A)
Representative currents obtained before (solid traces) and after (dotted
traces) a 2-min application of Ni21 at 80, 40, 0, or 140 mV, as
indicated. The dotted traces were evoked by the ﬁrst pulse after the 2-min
Ni21 application period. Scale bars represent 5 mA (vertical) and 20 ms
(horizontal). (B) The peak current amplitude during the ﬁrst pulse after Ni21
application has been normalized to the baseline established in the same cell
before addition of Ni21 and plotted versus holding potential (Vhold) during
Ni21 application (s). Data are presented as mean 6 SE, n ¼ 4. For
comparison, the probability of opening (Po) as a function of test voltage (V)
for D274A is shown on the same axes (n, same data as in Fig. 8 A).
FIGURE 10 Ni21 washout in D274A channels does not depend on pulse
frequency. (A) During application of 20 mMNi21, the membrane was pulsed
for 50 ms from a holding potential of80 to160 mV at intervals of 2, 5, 10,
or 30 s. After saturation of the decline in current amplitude, the perfusate was
changed to Ni21-free 89 mM K1 Ringers bath solution (arrowhead) and the
rate of recovery monitored by continuation of the pulse protocol. Measured
peak current amplitudes were normalized to the maximal value obtained
before Ni21 application. Data shown are for interpulse intervals of 5 (h) and
30 (s) s. Values are provided as mean 6 SE, n ¼ 3–4. The time course of
recovery was ﬁtted with a single exponential function (solid curve, 5-s
interval; dotted curve, 30-s interval) to obtain values for toff. Fits to the
averaged data are shown. (B) Box plot of the distribution of values of toff
obtained in individual experiments at different interpulse intervals. The
recovery rates do not differ signiﬁcantly at the P ¼ 0.05 level. Data are
presented as mean 6 SE, n ¼ 3–4.
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(Fig. 11 B). We assumed that Ni21 binds to each voltage
sensor in the tetrameric channel independently, and that a
single Ni21 ion is sufﬁcient to prevent opening. The latter
assumption, although unproven, is reasonable. If multiple
Ni21 ions were needed to block activation, we would expect
to see slower activation kinetics at subsaturating Ni21
concentrations, which is not the case. Thus, the remaining
current reﬂects channels that have not bound Ni21, and the
fraction of unbound channels will equal the normalized cur-
rent amplitude (I/Imax). Given these assumptions, the fraction
of unbound subunits will be equal to the fourth root of the
normalized current amplitude, according to the binomial
distribution. We plotted the fraction of unbound subunits in
D274A as a function of time during onset and recovery of the
Ni21 effect, ﬁtted the data with two single exponential
components (tobserved and toff), and calculated an apparent
KD for Ni
21 of 1.5 6 0.3 mM (Fig. 11 B). This value is
similar to the half-maximal concentration of 2.2 mM ob-
tained from the dose response curve (Fig. 11 A). The exper-
iment was repeated using 5 or 50 mM Ni21 (Fig. 11, C and
D). As expected, the on-rate but not the off-rate was depen-
dent on Ni21 concentration. Apparent KD values of 2.36 0.2
mM and 3.56 1.0 mMwere obtained from the 5- and 50-mM
data sets, respectively. Thus, similar estimates of the ap-
parent afﬁnity of D274A channels for Ni21were provided by
dose response analysis and by the time course of onset and
recovery at several Ni21 concentrations. Furthermore, the
results are consistent with the idea that a single Ni21 ion is
able to prevent activation gating in D274A channels.
DISCUSSION
Binding site in eag voltage sensor
accommodates a variety of divalent cations
In eag and many of its closest homologs, activation gating is
modulated by extracellular Mg21 and other divalent cations
(Terlau et al., 1996; Tang et al., 2000). This form of reg-
ulation is not seen in other subfamilies of voltage-gated K1
channels. In proteins, bound Mg21 is typically coordinated
by the carboxylic acid side chains of aspartate or glutamate
residues. Previously, we tested the hypothesis that D278 in
S2 and D327 in S3 contribute to the binding site for Mg21 in
eag (Silverman et al., 2000). These residues were good can-
didates because they are located in the voltage-sensor do-
main and they are conserved as acidic only among members
of the eag subfamily. We obtained several lines of evidence
that D278 and D327 contribute to the Mg21 binding site.
First, neutralization mutations at these positions greatly re-
duced or abolished the effect of Mg21 on eag activation
kinetics. This was most likely due to a change in binding
rather than a change in the gating pathway because hyper-
polarizing prepulses still accessed rate-determining steps for
activation in the mutant channels. In the wild-type, these
transitions are highly modulated by Mg21 (Tang et al.,
2000). Second, neutralization mutations slowed eag activa-
tion kinetics, mimicking the ion-bound state of the channel.
These results suggest that Mg21 slows activation kinetics in
the wild-type channel, at least in part, by shielding the neg-
atively charged side chains of D278 and D327. In contrast,
FIGURE 11 Apparent afﬁnity of D274A channels
for Ni21. (A) Various concentrations of Ni21 were
applied to D274A channels at a holding potential of
80 mV. After saturation of the effect, the current
amplitude was normalized to the maximum amplitude
obtained in the same oocyte in the absence of Ni21
(I/Imax) and plotted as 1–I/Imax versus Ni
21 concentra-
tion. Data are provided as mean6 SE, n ¼ 4. The data
were ﬁtted with a rectangular hyperbola (solid curve),
revealing that the half-maximal effective concentration
is;2.2 mM. (B) As described in the text, the fraction of
unbound subunits was calculated as the fourth root of
the normalized current amplitude (I/Imax) in 20 mM
Ni21 and plotted versus time. Single exponential
functions were ﬁtted to the data resulting in values of
tobserved¼ 43 s and toff ¼ 667 s, for a calculated KD of
1.5 6 0.3 mM according to the standard law of mass
action. (C) The fraction of unbound subunits was
calculated as the fourth root of the normalized current
amplitude (I/Imax) in 5 mM Ni
21 and plotted versus
time. Single exponential functions were ﬁtted to the
data resulting in values for tobserved and toff, which
were used to calculate an apparent KD of 2.36 0.2 mM
according to the standard law of mass action. (D) The
fraction of unbound subunits was calculated as the
fourth root of the normalized current amplitude (I/Imax)
in 50 mM Ni21 and plotted versus time. Single
exponential functions were ﬁtted to the data resulting in values for tobserved and toff, which were used to calculate an apparent KD of 3.5 6 1.0 mM
according to the standard law of mass action. KD values in B–D are provided as mean6 SE, n¼ 3–4. KD values obtained from the 5-, 20-, and 50-mM data sets
did not differ signiﬁcantly at the P ¼ 0.05 level (paired Student’s t-test).
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neutralization of D284 in S2 and D319 in S3 (acidic residues
that are widely conserved among the superfamily of voltage-
gated channels) preserved the fast activation kinetics of the
wild-type channel seen in the absence of Mg21. Thus, charge
shielding of these residues does not contribute to the slow
activation caused by Mg21 binding.
We have now shown that the ion-binding site formed by
D278 in S2 and D327 in S3 in the eag voltage sensor is able to
accommodate a variety of divalent cations, including Mg21,
Mn21, and Ni21. These ions differ in size and polarizability,
suggesting that the binding site is somewhat ﬂexible. Each
slows activation, but Ni21 has a much larger effect and higher
afﬁnity compared to Mg21 and Mn21. The chemical prop-
erties of Mg21 and Mn21 are more similar to each other than
either is to Ni21. Mg21 is a hard ion that prefers oxygen
ligands, whereas Mn21 is somewhat softer, with a higher tol-
erance for nitrogen ligands (Bock et al., 1999; da Silva and
Williams, 2001). Both prefer a coordination number of 6.
Mg21 is most commonly found in binding sites with a regular
octahedral geometry, whereas Mn21 can be bound with a
distorted octahedral geometry (Dudev and Lim, 2003). This
may explain why the mutation D278E abolishes Mg21 but
not Mn21 sensitivity. We originally suggested that D278E
prevented Mg21 binding due to steric hindrance, but this
interpretation does not account for the observation that
Mn21, a larger ion, exhibits residual binding (Silverman et al.,
2000). An alternative explanation is that the D278E mutation
disrupts the regular octahedral geometry of the site, which
would have a larger effect on Mg21 than on Mn21 binding
(Pauling, 1960; Bock et al., 1999; Dudev and Lim, 2003).
Ni21 has more ﬂexible coordination requirements than
Mg21 or Mn21, and can be found with coordination numbers
of 4, 5, or 6 in square planar, trigonal bipyramidal, and
octahedral geometries, among others (da Silva and Williams,
2001). It is a relatively soft ion, and is often coordinated by
sulfur in addition to oxygen and nitrogen. Ni21 has a highly
polarizable electron shell that results in greater covalency in
its bonds. As a result, Ni21 often binds with higher afﬁnity to
sites normally occupied by other ions under physiological
conditions. Our data indicate that the D327A mutation
reduces the apparent afﬁnity (as estimated by the half-
maximal effective concentration) for Ni21 by approximately
threefold. In contrast, D327A appears to have a more
dramatic effect on the afﬁnity of the binding site for Mg21
and Mn21. This suggests that Ni21 may interact with ad-
ditional ligands in the binding site crevice. The high afﬁnity
for Ni21 is not due to preferential association with a nearby
cysteine residue, C323 in S3, however (J. P. A. Bannister
and D. M. Papazian, unpublished data).
Mapping the binding site residues onto three
structural models for the voltage sensor
To simultaneously coordinate an ion, D278 and D327 must
be in atomic proximity. High-resolution protein structures
reveal that carboxylate groups of acidic residues coordinat-
ing Mg21 are within 2.7–4.3 A˚ of each other (Kankare et al.,
1996; Andersson et al., 1997; Harutyunyan et al., 1997;
Larsen et al., 1997; Sliz et al., 1997; Stec et al., 1998;
Goldgur et al., 1999; Nichols et al., 1999). Previously we had
used this distance constraint, constraints derived from
second site suppressor analysis of Shaker, and a variety of
other data from the literature, to generate a model for the
structure of the voltage sensor in K1 channels (Silverman
et al., 2003). Furthermore, we recently identiﬁed residues in
S4 and the pore domain that move into atomic proximity of
each other during activation of Shaker channels, leading to
a model for voltage-sensor/pore interactions (Laine´ et al.,
2003). Not surprisingly, residues corresponding to D278 and
D327 are within a few A˚ngstroms of each other in this model
(Fig. 12 A).
Our model for voltage-dependent K1 channels differs
signiﬁcantly from the x-ray structure of the KvAP protein,
obtained after detergent solubilization and complexation
with a monoclonal Fab fragment by MacKinnon and co-
workers (Jiang et al., 2003a). To determine whether the eag
ion-binding site is compatible with the KvAP x-ray structure,
we identiﬁed residues homologous to D278 and D327 and
measured the distance between them in the KvAP structure
(Fig. 12, B and C). An alignment of S2 and S3 segments from
eag and KvAP indicates that D278 and D327 correspond to
V66 and G101, respectively (Fig. 12 B). The a-carbon atoms
of these residues are 17 A˚ apart in the KvAP x-ray structure,
a distance that is incompatible with the formation of an ion-
binding site (Fig. 12 C). Thus, it is difﬁcult to reconcile the
identiﬁcation of the binding site in the eag voltage sensor
with this structure. In the x-ray structure of the isolated
voltage sensor (S1–S4) of KvAP, also solved by MacKinnon
and co-workers, the a-carbon atoms of V66 and G101 are
somewhat closer, at 10.8 A˚ (Fig. 12 D) (Jiang et al., 2003a).
Given the larger volume of two aspartate residues compared
to valine plus glycine, it is possible that with fairly minor
changes, the isolated voltage sensor structure could accom-
modate an ion binding site as found in eag.
One intriguing aspect of the location of the binding site
residues is that G101, the KvAP homolog of D327, is near
a break in S3 secondary structure that is seen in the structures
of both full-length KvAP and its isolated voltage-sensor
domain (Jiang et al., 2003a). The break in the S3 a-helix is
adjacent to a highly conserved proline residue corresponding
to P99 in KvAP and P325 in eag (Fig. 12 B). This feature
may impart a ﬂexibility to S3 that is important in the
mechanism of voltage-dependent activation. Our analysis of
the Ni21 effect in D274A indicates that S4 charge-moving
residues undergo conformational changes in close proximity
to the ion-binding site; S3 ﬂexibility in this region may be
required for S4 movement (Silverman et al., 2003). One
interesting possibility is that ion binding in eag reduces the
ﬂexibility of S3, thereby slowing S4 conformational
changes.
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Largely inﬂuenced by the KvAP x-ray structure, MacK-
innon and co-workers (Jiang et al., 2003b) have proposed an
alternative model for voltage-dependent activation in which
the S4 segment is located at the periphery of the channel
protein and moves through the hydrophobic lipid environ-
ment as part of a voltage-sensor paddle during activation.
According to this model, the S3–S4 loop is located near
the cytoplasmic side of the membrane at hyperpolarized
potentials. Since D327 is near the carboxyl terminus of S3,
in proximity to the S3–S4 loop, this model predicts that
extracellular ions would be unable to access the binding site
in the eag voltage sensor when the channel is closed.
Contrary to this prediction, we ﬁnd that ions can access the
binding site from the extracellular solution at hyperpolarized
potentials.
It might be argued that the KvAP structure, with its
positively charged paddles sticking out into the lipid, dis-
organizes the bilayer sufﬁciently to allow access of an
extracellular ion to a binding site located near the cytoplasmic
side of the membrane. This seems unlikely to account for our
results. In the hydrophobic paddle model, depolarizing the
membrane would move the voltage sensor to the extracellular
side of the membrane, signiﬁcantly changing the pathway for
access to the binding site. However, the rate of onset of the
FIGURE 12 Mapping the ion-bind-
ing site residues on a structural model
for voltage-dependent K1 channels and
on the KvAP x-ray structures. (A)
Shown are diagrams representing ex-
tracellular (left) and side (right) views
of the structural model for voltage-
dependent K1 channels proposed by
Laine´ et al. (2003). For clarity, only two
subunits are depicted in the right panel.
The pore domain is shown in green, S1
in light blue, S2 in yellow, S3 in pink,
and S4 in dark blue. The red spheres
correspond to the Ca atoms of D278 in
S2 and D327 in S3, which contribute to
the ion-binding site in eag. (B) An
alignment of S2 and S3 sequences from
eag and KvAP. Conserved charged
residues are shown in blue. Residues
in red correspond to those shown as red
spheres in A, C, and D. Identical
residues are denoted with asterisks.
(C) Shown are diagrams representing
extracellular (left) and side (right)
views of the x-ray structure of full-
length KvAP as determined by Jiang
et al. (2003a). For clarity, only two
subunits are depicted in the right panel.
Segments S1–S4 and the pore domain
are colored as in A. The red spheres
represent the Ca atoms of V66 in S2
and G101 in S3, which correspond to
the ion binding site residues in eag. (D)
Shown are diagrams representing two
views of the x-ray structure of the
KvAP voltage-sensor domain (S1–S4)
as determined by Jiang et al. (2003a).
Segments S1–S4 are colored as in A.
The red spheres represent the Ca atoms
of V66 in S2 and G101 in S3, which
correspond to the ion-binding site
residues in eag.
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Ni21 effect in D274A was virtually identical, whether the
membrane was held continuously at 80 or 120 mV or
pulsed at different frequencies to160 mV. We conclude that
the binding site in the eag voltage sensor is located in a water-
ﬁlled crevice near the extracellular surface of the protein
regardless of voltage-sensor conformation.
This conclusion is compatible with earlier work on Shaker
channels. We have shown that a cysteine residue substituted
at position 283 in S2, the Shaker homolog of D274 in eag,
reacts with the impermeant methanethiosulfonate reagents,
MTSET and MTSES, at similar rates at 100 and 140 mV,
potentials at which the protein is in resting and activated
conformations, respectively (Tiwari-Woodruff et al., 2000).
We concluded from this work that position 283 is in a
solvent-accessible location near the extracellular surface of
the membrane in both open and closed channels.
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